INTRODUCTION
Human T lymphocytes spontaneously lyse certain tumor lines (1) (2) (3) (4) , thymus cells (3) , embryonic fibroblasts Received for publication 8 September 1981 and in revised form 13 (5), and virus-infected target cells (6) (7) (8) . This natural killer (NK)l-cell-like activity can be augmented by a number of stimuli such as allogeneic cells (9) (10) , lectins (11) (12) (13) , oxidative mitogens (14, 15) , bacterial lipopolysaccharide (16) , interferon (17) (18) (19) , and soluble antigens (20) (21) . Recent evidence suggests that cells expressing nonspecific cytotoxicity after such activating exposures differ in a number of substantive ways from NK cells including their cellular derivation (22) and target specificity (23) . Despite the demonstration of cytotoxicity of T lymphocytes for a variety of unicellular targets, direct killing of infectious agents has not been documented.
We studied the capacity of T lymphocytes to kill schistosomula of Schistosoma mansoni. These large multicellular larvae are destroyed by granulocytes (24) (25) (26) and mononuclear phagocytes (28) (29) (30) , cell lines ascribed effector function in host resistance to schistosomiasis (31) (32) (33) . Our studies show that human T lymphocytes activated by lectins and oxidative mitogens, tuberculin PPD, streptokinase-streptodornase, schistosome worm antigenic preparation, and alloantigens kill schistosomula. This is consonant with a direct role for cytotoxic lymphocytes in host defenses against infectious agents.
METHODS
Human subjects. Healthy Mixed lymphocyte reactions (MLR) were effected by 6-d bulk cultures of allogeneic PBMC irradiated with 3,000 rads as stimulators and T cells as responders, each at a cell density of 3.0 X 106/ml in RPMI 1640, plus 10% AB serum. Nonadherent cells were purified from these cell mixtures, washed, counted, and 1 ml at 106/ml in RPMI 1640 plus 10% FCS was added to each of 16-mm plastic wells.
Assays of schistosomula killing. Schistosomula of S. mansoni were prepared by allowing cercaria from a Puerto Rican stain of the parasite to penetrate mouse skin. 106 preactivated T cells were cultured with 200 schistosomula in RPMI 1640 supplemented with 10% FCS in each of 16-mm Linbro plastic wells. Triplicate wells were used for each variable. After 24 h at 37°C, the contents of wells were transferred to SedgwickRafter counting chambers and methylene blue dye was added. Schistosomula that were permeable to the dye were scored as dead. 50 schistosomula were evaluated per well within 5 min of addition of dye. The basal loss of viability of schistosomula cultured in medium without cells (1-7%) was subtracted from the killing in wells containing effector cells.
Infectivity of schistosomula for mice was determined by injecting the organisms into CF-I mice (Carsworth Farms, NY). 8-10 mice were used per variable. After 8 wk, the animals were sacrificed, and adult worms were recovered from the portal circulation and counted.
[3H ]thymidine incorporation. T cells were cultured in microtiter plate wells (Falcon Labware) at 105/0.1 ml RPMI 1640 plus 10% PHS, gentamicin 5 yg/ml, penicillin G 50 U/ml and L-glutamine 2 mM (Flow Laboratories, Inc.). Mitogens or antigens were added at the appropriate concentrations to each of quadruplicate wells. 18 
RESULTS
Killing of schistosomula by mitogen-activated T lymphocytes. Preincubation of T cells with PHA produced a 19.4-fold increase in schistosomula killing as assessed by methylene blue dye uptake (Fig. 1) . Viable organisms were motile, retained a yellowish cast, and excluded the dye (Fig. 2, left panel) , whereas, dead organisms were nonmotile, surrounded by T lymphocytes, and permeable to the dye (Fig. 2, right panel) . Quantitative studies showed that following PHA stimulation 94% of dead schistosomula had at least five T lymphocytes adhering to them (Table I) . Mitogenstimulation did not lead to increased killing of schistosomula with less than five attached cells. Live schistosomula invariably had less than five adhering cells. In additional studies, supernates of PHA-stimulated lymphocytes were not directly toxic for schistosomula. Thus, increased binding of PHA-stimulated T cells to schistosomula was required for increased killing. We studied the effects of other mitogens and lectins on T lymphocyte killing of the parasite. Exposure of T cells to neuraminidase plus galactose oxidase produced maximal mitogenesis whereas exposure to either enzyme alone had less effect (Table II) . Schistosomula killing by T cells preincubated with these oxidative mitogens paralleled mitogenesis (Fig. 1) schistosomula killing whereas the individual enzymes had no effect. Thus, nonlectin mitogenic signals also activated T cells for increased effector function. We also studied peanut agglutinin, a galactosyl-directed lectin, which required neuraminidase treatment of T cells to exert maximal mitogenesis (Table II) . Similarly, PAG produced an 11.9-fold increment in schistosomula killing by neuraminidase-treated T lymphocytes (Fig. 1) (Table III) . To further examine reversibility of lectin-induced T cell schistosomula killing, T cells were exposed to Con A for 24 h and washed and cultured in a-methyl mannoside (Table III) . In this instance, the effect of the lectin on T cell killing of the larvae was completely reversible.
The kinetics of augmentation of T cell killing by PHA are shown in Fig. 3 . A significant increase in schistosomula killing first was noted by 2 h of culture (P < 0.01). Killing at 4 h was 66% of maximal. Following N-GO treatment of T cells, schistosomula killing was 15% of maximal at 4 h and peaked at 24 h (not shown).
PHA-stimulated T cells demonstrated significantly increased schistosomula killing at an effector cell to target ratio of 500:1 (P < 0.02, Fig. 4 ). Optimal killing occurred at a ratio of 5,000:1, which was used in most experiments.
In three separate experiments, schistosomula killing by PHA-stimulated T cells was assayed simultaneously by dye uptake and infectivity (Table IV) . A significant decrease in maturation to adult worms was noted in schistosomula cultured with PHA-stimulated as compared to unstimulated T cells (P < 0.05, paired t statistic). The in vitro technique of dye uptake consistently underestimated loss of infectivity of schistosomula exposed for 24 h to PHA-activated T cells. Additional groups of mice were infected with schistosomula which had been exposed to T cells treated with neuraminidase and incubated with peanut agglutinin or treated with galactose oxidase. Adult worm recovery was 49.6±6.6 in mice infected with schistosomula exposed to unstimulated T cells, 31.2±2.4 with N-PAG treated T cells (P < 0.05) and 31.9±4.7 for N-GO treated cells (not significant).
T cell subpopulations responsible for augmented schistosomula killing following PHA-treatment. T lymphocytes were fractionated to determine the sub- sets responsible for increased schistosomula killing by PHA-activated effector cells. Incubation of schistosomula with unstimulated T, OKT8+, and OKM1+ cells resulted in 2.7±0.6, 1.3±0.6, and 1.0±1.0% dye uptake, respectively. Following incubation of fractionated cells with PHA for 24 h, killing by the OKT8+ population exceeded that of all other subsets (Table  V) . The effector potential of PHA-activated T cell subsets, in fact, could be ordered as OKT8+ > Ty-> T > OKT4+ > T'+ = OKM1+. In contrast to increased schistosomula killing by lectin-stimulated T lympho- cytes, pokeweed mitogen stimulation of a B lymphocyte-enriched population prepared by depletion of plastic adherent and sheep erythrocyte rosetting cells from PBMC did not augment schistosomula killing significantly. Schistosomula killing by antigen-activated T lymphocytes. We also examined larval killing by T lymphocytes stimulated by PPD, SKSD, SWAP and alloantigens. Culture of T cells from healthy subjects with PPD or SKSD produced 7.0-fold and 5.0-fold increases in schistosomula killing (Fig. 5 ). Schistosome fter incubation of 100 schistosomula with 106 T lymphocytes±PHA for 24 h, schistosomula killing was assessed by dye uptake. The contents of individual wells also were injected intraperitoneally into CF-1 mice. 8-10 mice were injected per variable. Adult worms were recovered from the portal veins after 8 wk and counted.
worm antigen did not affect killing by T cells from healthy subjects in Cleveland or Cairo (not shown). However, SWAP produced a significant 5.5-fold increase in schistosomula killing in 11 of 31 Egyptian subjects with chronic Schistosomiasis mansoni. Stimulation of T cells with alloantigens in bulk MLR cultures produced 8.9-fold more killing than did autologous control cultures (Fig. 5) .
DISCUSSION
These studies establish that human T lymphocytes activated by mitogens, soluble antigens, and alloantigens express nonspecific cytotoxicity for the larval stage of the multicellular helminth Schistosoma mansoni. Schistosomula killing by T cells was defined by dye uptake and corroborated by infectivity for mice. This is the first demonstration of the capacity of human cytotoxic T cells to kill an infectious agent directly. Cytotoxic T cells may have an indirect role in viral immunity via lysis of virus-infected host cells (6) (7) (8) . T lymphocytes also are capable of destroying Shigella opsonized with hyperimmune rabbit antibody (36) . In the current study, however, direct cytotoxicity for a multicellular parasite occurred without opsonization of the target organism.
Following alloimmunization, murine cytotoxic T lymphocytes adhered to but did not morphologically damage lung stage schistosomula (37) . This specific cytotoxicity required that cytotoxic T lymphocytes be immunized with cells bearing H-2 determinants of the mouse strain in which schistosomula matured to lung (23, 40) . Lectin-dependent cytotoxicity of T cells for schistosomula also was expressed in the OKT4+, OKM1+, and Ty+ subsets, but to a lesser extent. Thus, schistosomula killing was expressed variably in all T lymphocyte subsets after stimulation by PHA and was not restricted to classical OKT8+ cytotoxic lymphocytes.
The mechanism of schistosomula or tumor killing by augmented, NK-like activity is unknown. Hydrogen peroxide (42) , eosinophil major basic protein (43) , and arginase (44) have been proposed as mediators by which granulocytes and activated macrophages destroy schistosomula. Activated T lymphocytes do not produce measurable quantities of arginase.3 It seems unlikely that depletion of other essential nutrients or release of toxic metabolic products by activated T cells contributed to cytotoxicity because killing required direct apposition of effector cells and targets and supernates of activated cells were nontoxic for schistosomula. Rather, these observations suggest that if mediators released by activated T cells such as lymphotoxins (45, 46) are important in killing this multicellular organism, their release must be triggered by contact with the target or their activity must require high concentrations only attained locally.
Schistosomula killing by activated T lymphocytes peaks at the same effector to target ratio as the other major effector systems: granulocytes plus antibody or complement and mononuclear phagocytes (31, 44) . In vivo studies in experimental models also support a role for T lymphocytes in host resistance to schistosomiasis; thus, antithymocyte globulin-treated mice (48) and congenitally athymic mice (49) fail to acquire resis-T tance to this parasite. However, interpretation of the in vivo data is complicated by the multiple functions ascribed to the T lymphocyte in the murine infection, which include macrophage activation, granuloma formation, and the development of eosinophilia (27, 49) . Thus, the precise contribution of T cell damage to S. mansoni to host resistance cannot be ascertained. However, our study establishes for the first time that T lymphocytes have the capability of such direct involvement in the destruction of a multicellular parasite.
